. How WM and implicit priming affects influence visual selection remains poorly understood, however. Here, we report functional MRI evidence that dissociates the neural mechanisms involved in these memory-based effects on selection. The reappearance of a stimulus held in WM enhanced activity in superior frontal gyrus, midtemporal, and occipital areas that are known to encode the prior occurrence of stimuli. In contrast, mere stimulus repetition elicited a suppressive response in the same regions. An additional finding was that a frontothalamic network was sensitive to the behavioral relevance of a match between the contents of WM and the visual search array, enhancing activity when the contents of WM matched the critical target of selection. Items held in WM influence selection by using neural coding distinct to effects of mere repetition.
repetition priming ͉ working memory ͉ fMRI ͉ anterior prefrontal cortex: BA10 ͉ thalamus I magine you are in love and the memory of your beloved is constantly active in your thoughts. Your task requires that you focus attention on your computer screen; despite it being detrimental to the task, you cannot avoid attending to the picture of your loved one placed on the desk nearby. This example shows how the contents of working memory (WM) can capture visual attention. The aim of the current study is to investigate the neural mechanisms that give rise to such phenomena.
Over the last 20 years, there has been active study of the mechanisms involved in memory-based guidance of visual attention. This work has led to the development of the influentially biased competition model of visual selection (1) , where it is hypothesized that memory acts to bias the competition for selection between different objects in the visual scene. However, at least two forms of memory may influence visual selection: an active WM for a stimulus (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) and a more passive form of implicit memory generated by the mere reappearance of a stimulus across time (15) (16) (17) (18) (19) (20) . Conceptually, there is an important difference between WM processes and other forms of implicit memory, which are based on the mere repetition of a stimulus. The maintenance of information in WM entails an internal representation that is kept active online through a period by a network of relatively anterior neural regions (14) . In contrast, repetition priming does not require the active maintenance of any internal representation and may reflect automatic, experience-based changes. Because these changes may operate through the processing pathways leading to a response, they may generate bottom-up changes in signal strength without necessarily invoking the need for top-down feedback from an active memory representation. The effects of both forms of memory on visual selection have proved difficult to distinguish by using typical measures of performance (i.e., response latencies) because at a behavioral level both WM and repetition priming can facilitate selection of matching stimuli in visual search tasks. For example, it has been demonstrated that the contents of WM can automatically draw our attention to matching objects in the visual field, and this process occurs even when the information in WM is detrimental to performance (3) (4) (5) (6) . In contrast, visual selection can be modulated automatically by repetition priming from stimuli of which we are not aware. For instance, a search for a given target is facilitated if the target is repeated across successive trials (15, 16) , and this benefit can arise even when a stimulus is not consciously detected on the earlier trial (17) . To assess whether the underlying mechanisms of WM and priming from implicit memory can be distinguished, we examined the neural correlates of their effects on selection.
Previously, researchers have used delayed match to sample tasks to study memory-based influences on neural responses. In these tasks, the presentation of a sample item (A) is followed after a time delay by one or more test stimuli (i.e., A-B-B-C-A). The observer has to indicate whether the test (i.e., the final A in the sequence) matched the initial sample. Single-cell recording studies demonstrate that a match between a stimulus and a WM representation is associated with increased responses in the inferior and medial temporal cortex (7-9) and prefrontal cortex (PFC) (10) (11) (12) (13) (14) . In contrast, the mere repetition of a stimulus has mostly been shown to reduce neuronal responses in similar regions (7, (19) (20) . Intriguingly, most neuroimaging studies using similar paradigms with human participants suggest that different neural regions are influenced by mere repetition of an item and active memory processes (21-23). Thus, another aim of the current study was to test whether dissociation between WM and stimulus repetition could be observed within the same brain regions, as suggested by electrophysiological recording, or just across regions, as suggested by human functional MRI (fMRI).
Furthermore, we extended the delayed-match-to-sample studies in an important way. In such studies, the neural responses to the reappearance of the WM item typically coincide with neural responses based on the relevance of the item for the task because the WM item also is the target of selection. Thus, it is unclear whether any differential response to the WM item, relative to a novel stimulus, reflects the influence of WM on selection or preparation of a response to the task-relevant stimulus. This same problem exists in studies contrasting explicit and implicit memory in humans because a response is typically required on the basis of the stimulus matching the explicit memory, but not on the basis of whether there is a match to an implicit memory (22) . Consequently, it could be that the enhancement of neuronal responses found in these tasks for the memorized item may not be specifically related to memory, but instead due to the stimulus representing the critical target of selection or to it being a signal for response preparation. Here, we used an experimental protocol where memory and attention are independently manipulated within a single paradigm (i.e., the memory stimulus is different from the critical target of selection). Observers were presented with an object cue (to either hold in WM or merely identify) and subsequently had to search for a target that could appear surrounded by either a cued or noncued object. In contrast to previous studies, our experimental design allowed us to specify the relations between these memory-based effects at a neural level and their role in visual selection. We first aimed to delineate those brain regions sensitive to matches between memory and search displays (regions where activity is modulated as a function of whether the memory information is represented in the array). In addition, we assessed responses in regions involved in monitoring the behavioral relevance of matches between memory and search display (i.e., when the reappearance of the cue coincides with the relevant target of selection, compared with when it coincides with an irrelevant distracter). Because the memory content was unrelated to the critical target of selection, we were able to assess the influence of memory on attention while avoiding any strategic effects that could arise if the cue were the target of selection, as is usual in delayed-match-to-sample tasks (9, 12) and explicit memory tests (22, 23) .
One possibility is that WM and repetition priming use common neural mechanisms to guide and bias selection. In line with this idea, the WM effect on selection may simply amplify any process associated with repetition priming. Here, we would expect that similar regions are engaged in both cases, but merely showing quantitative differences in the level of activity. Alternatively, it may be that WM affects selection by using qualitative differences in the neural signal relative to the effects of repetition priming. According to this later hypothesis, we should find evidence for dissociable neural mechanisms within the same or across different brain regions, supporting, on the one hand, memory-based guidance of visual selection from WM and, on the other hand, implicit priming.
Results
We had observers identify a target line presented within one of two colored shapes. Before the target display, participants saw two exposures of a colored shape cue, and this cue could later be re-presented in the target display where it surrounded either the target (on valid trials) or a distracter (on invalid trials). On neutral trials, the cue was absent from the search display (Fig. 1a) . Observers had to either hold the cue in memory (the WM condition) or just identify it (the mere repetition condition). In the mere repetition condition, observers were instructed to compare the two cue exposures and withhold their response to the target when the second cue differed in color or shape from the first (there were 20% catch trials with two different cues). If both instances of the cue matched, then participants had to carry out the search task. In the WM condition, both instances of the cue were always the same, and participants had to hold the cue in memory through the trial (memory was tested on 20% of the trials). The 20% catch trials of WM and mere repetition were not included in the analysis. Hence, the visual displays and trial sequence used in the WM and mere repetition conditions were identical in the visual sequence of events, differing only in how participants were instructed to represent the cue (hold it in WM or merely identify it).
Behavioral Data. Accuracy in the search task was good (94% correct), and memory performance on catch trials was high (89% correct). Search responses on catch trials in the mere repetition condition also were withheld adequately (98% correct). Catch trials and incorrect search responses were removed from all of the following analyses. We carried out a 2 (task: WM vs. mere repetition) ϫ 3(validity: invalid, neutral, valid) ANOVA over the median reaction times (RTs) and used Greenhouse-Geisser correction to account for nonsphericity effects in the data (Fig. 1b) .
Search RTs were slower in the WM condition than in the mere repetition condition [F(1, 9) ϭ 19.83, P ϭ 0.002]. There also was a reliable validity effect [F(2, 18) ϭ 9.17, P ϭ 0.008]. Relative to the neutral baseline, performance was slower on invalid trials (when the cue reappeared and contained a distracter) (P ϭ 0.001). RTs on valid trials (when the cue reappeared and contained the target) did not significantly differ from the neutral baseline (P ϭ 0.41). Crucially, the effect of cue validity was modulated by the memory requirements of the task [F(2, 18) ϭ 4.91, P ϭ 0.025]. Follow-up analyses showed a significant cue validity effect in the WM condition [F(2, 18) ϭ 14.15, P ϭ 0.002], whereas there was only a nonreliable trend for a validity effect in the mere repetition case [F(2, 18) ϭ 2.66, P ϭ 0.12]. The costs from an invalid cue (i.e., the RT difference between invalid and neutral trials) were reliable in both tasks (WM, 54 ms; mere repetition, 27 ms) (both P Ͻ 0.035), but the costs were significantly larger in the WM condition [interaction between task and validity cost (invalid vs. neutral); F(1, 9) ϭ 5.97, P ϭ 0.037]. The data indicate that the cue validity effect was stronger when the cue was maintained in WM, compared with when it was merely repeated. There was no evidence of a speed-accuracy tradeoff [see supporting information (SI) Materials and Methods].
fMRI Data. We report findings for the main effect of task in SI Materials and Methods. In brief, similar to previous fMRI studies, larger neuronal responses were observed in the WM condition, compared with the mere repetition condition in a network of areas: bilateral prefrontal cortices, bilateral intraparietal sulcus, lateral occipital cortices, and calcarine sulcus (14) . There also was a larger response in the mere repetition condition relative to the WM condition in the midanterior cingulate gyrus. This later finding is consistent with previous evidence that this area increases activity during the less cognitive demanding tasks (24) (see SI Fig. 4 , SI Table 3 , and SI Materials and Methods). Next we describe results relating to the main focus of the current study, which deals with the way in which WM and priming through implicit memory affect visual selection.
Cue Repetition Effects on Neural Responses. To delineate the mechanisms subserving the effects of different memory types on visual selection, we compared the brain response when the cue reappeared in the search display (on valid and invalid trials) with responses in the neutral baseline (where the cue did not reappear) for the WM versus the mere repetition condition. Note that this comparison is independent of the relevance of the cue item to the search task. Interestingly, the superior frontal gyrus [(SFG) in the vicinity of the frontal eye fields], the lingual gyrus (Ling G), and the bilateral parahippocampal gyrus (PHG) ( Table 1 and Fig. 2 ) were sensitive to the reappearance of the cue, and, more important, their responses depended on the memory requirements of the task. When the task required active maintenance in WM, the reappearance of the memory cue (across invalid and valid trials) increased activity (compared with neutral trials). In contrast, in the mere repetition condition, these same regions showed decreased responses when the cue reappeared in the search array, compared with when it was absent.
In addition to these regions showing qualitatively different patterns of response, a common pattern of response to the reappearance of the cue in the search array was observed in anterior cingulate and left inferior temporal gyrus (Table 1) . During both WM and mere repetition, these regions decreased their response when the cue reappeared in the search array, compared with when it did not reappear. There was no above-threshold response showing increased response to the reappearance of the cue in the mere repetition condition.
Cue Validity Effects on Neural Responses. Here, we delineated the brain regions sensitive to the relevance of the cue for the search task, contrasting activity when the memory item contained the search target (on valid trials) versus when it contained a distracter (on invalid trials). The left amygdala [Montreal Neurological Institute (MNI) coordinates (Ϫ18, 9, Ϫ21)] showed an increased response to valid compared with neutral and invalid trials for both the WM and mere repetition tasks [Z ϭ 4.64; F(2, 18) ϭ 17.5; P Ͻ 0.001; Cluster ϭ 120 mm 3 ]. However, cue validity had a strong effect in the WM condition [Z ϭ 2.9; F(1, 9) ϭ 8.8; P Ͻ 0.05], and there was only a nonsignificant trend in the mere repetition condition [Z ϭ 1.23; F(1, 9) ϭ 2.47; P ϭ 0.11].
More interestingly, we found that the validity effect on brain responses also was modulated by the memory type. Clusters within bilateral anterior PFC [peaking in the right Brodmann's area (BA)10] and bilateral thalamic nuclei (including the pulvinar) ( Table 2 and Fig. 3 ) responded differentially only during the WM condition. In the WM condition, these regions showed larger responses when the cue contained the target (on valid trials) and suppressed responses when it contained a distracter (on invalid trials) relative to the neutral trials. There was no above-threshold response showing a validity effect during the mere repetition condition.
To explore the role of the thalamic clusters, we overlapped our functional clusters with probabilistic maps based on diffusion tensor imaging (25) . Based on these maps, our thalamic clusters can be identified as having reciprocal connections with the prefrontal, premotor, parietal, temporal, and occipital cortices (Fig. 3b) . A functional connectivity analysis [based on a psychophysiological interaction (PPI)] (26) showed that these structural anatomical connections also were functionally connected in our experiment during the WM condition. We observed increased coupling be- Anatomical label based on the Duvernoy Human Brain Atlas: BA, Brodmann's area. Anatomical labels based on the Wake Forest University Pickatlas: H, hemisphere; SMG, supramarginal gyrus; Ling G, lingual gyrus; aCG, anterior cingulate gyrus; ITG, inferior temporal gyrus. All clusters of activation reported were threshold at P Ͻ 0.001 uncorrected, with cluster size Ͼ45 mm 3 , but the ones shown with an asterisk have a cluster size Ͼ15 mm 3 . 
Discussion
In this study, we investigated the neural mechanisms that underlie the effects of WM and priming from implicit memory on visual selection. We delineated two different networks. The first network is involved in both WM and implicit memory effects, but shows an opposite pattern of response depending on whether there is a match to WM or merely repetition priming. This network includes the PHG, Ling G, and SFG, and it was sensitive to the reappearance of visual stimuli independent of their relevance to the search task. The reappearance of the cue in the search array caused an increased response when the cue was actively held in WM, whereas there was a decreased response when the cue reappeared in the mere repetition condition. A second frontothalamic network also was found. This network was linked to the relevance of the contents of WM, and it was not responsive to the reappearance and relevance of the cue in the mere repetition condition. The frontothalamic network enhanced activity when there was a relevant match (on valid trials, when the memory item contained the relevant target), whereas activity was suppressed when the memory information was detrimental for target selection (on invalid trials).
The first network, including the PHG, Lin G, and SFG, has been implicated previously in memory processes. In accordance with our findings, these regions typically exhibit either repetition suppression or enhancement depending on whether active memory is involved (7, (10) (11) (12) 18 ). In contrast with prior studies, the increases in activity linked to the reappearance of the WM item here occurred even though the item in WM was not the relevant target of attention. In previous studies, any neuronal enhancement may not reflect WM per se, but rather the WM item being the target for selection (7, (9) (10) (11) (12) (13) (14) or response (21) . Our data demonstrate that the increases of activity in SFG, Ling G, and PHG (see Table 1 ) do not reflect the relevance of the object for visual selection, but rather reflect matches between the contents of WM and external stimuli. Moreover, although the WM and mere repetition effects were mediated through the same brain regions (see Table 1 ), the neuronal mechanisms were qualitatively distinct. We found that, relative to the neutral baseline (where there was no matching between the memory cue and the visual search array), the reappearance of the cue led to an enhanced response when the cue was held in WM, but it led to a suppressed response when the cue was merely repeated. This finding is in line with data from studies using single-cell recording, and it suggests that neurons within the same brain regions can respond differently according to the context of a prior experience (7, 8, 18) . The context of merely being repeated or matching an item in WM effects a change from response suppression to enhancement. We propose that response suppression due to mere stimulus repetition reflects neuronal changes related to increased efficiency of processing when items match across succes- Valid Ͼ neutral Ͼ invalid (masked by the interaction between task and validity) (P Ͻ 0.05). Anatomical label based on the Duvernoy Human Brain Atlas: BA, Brodmann's area. Anatomical labels based on the Wake Forest University Pickatlas: H, hemisphere; aPFC, anterior prefrontal cortex; DLPFC, dorsolateral prefrontal cortex; CG, cingulated gyrus; IPS, intraparietal sulcus; MTG, middle temporal gyrus; MD, middle dorsal; Pul, pulvinar; VL, ventral lateral; CM, centromedial. All clusters of activation reported were threshold at P Ͻ 0.001 uncorrected, with cortical cluster size Ͼ45 mm 3 and subcortical cluster size Ͼ15 mm 3 . sive presentations (27) . In contrast, we suggest that enhancement of the neuronal responses based on visual stimuli matching the contents of WM is responsible for the capture of attention by the matching object (3, 4) . This capture of attention by response enhancement in the WM condition produces larger biases on visual selection than mere repetition (4) (5) (6) . This result also was confirmed by our behavioral data here, where the effects of the cue on visual search were more pronounced in the WM condition than in the mere repetition case.
In addition to the differential responses in the WM and mere repetition conditions, we also observed common mechanisms for the two conditions. For example, the anterior cingulate gyrus and the left inferior temporal gyrus both showed reduced responses when the memory item reappeared in the search display, and this finding was independent of whether the cue was maintained in WM or merely identified. This result may relate to increased efficiency in the processing of repeated visual input and indicates that some degree of perceptual priming occurred in the WM condition and not only in the mere repetition condition. Our data provide strong evidence to suggest that guidance of attention by the contents of WM is mediated mostly by neuronal responses that dissociate from the effects caused by mere repetition of the stimulus.
The second network we identified, involving frontal and thalamic regions, was only evident during the WM condition (Table 2) . This network showed enhanced responses on valid trials and suppressed responses on invalid trials, compared with the neutral conditions. We propose that when the memory cue is re-presented participants monitor the validity of the cue in relation to the target (the oriented line in our study) to allow the task-relevant response to take place in search. This monitoring was linked to an increased coupling among BA10, the thalamus, and the right dorsolateral PFC when the cue coincided with the target relative to when it did not (valid relative to neutral trials) and when the cue and the target fell at different locations (invalid relative to neutral trials). This network was involved only in the WM condition, suggesting that it was sensitive to the congruence between internal (item held in WM) and external (visual information in the search array) signals based on their relevance for current task goals. For example, enhanced activity on valid trials reflects the case where internal and external signals fully matched both observers' goals (holding an item in WM and identifying the search target). Decreased activity reflects the competition between the internal and external signals. Through its sensitivity to the congruence between stimuli and task goals, this frontothalamic network may complement the well known frontoparietal system controlling spatial attention and awareness (28) (29) (30) . The existence of a frontothalamic attention system (that bypasses parietal cortex) also can explain how patients with visual extinction following damage to posterior parietal cortex show enhanced awareness for contralesional targets that match the contents of WM (3). The thalamus, through its reciprocal connections with most of the cortex, may have a privileged role in modulating responses in other cortical regions involved in selection. Our findings support the role of thalamic nuclei (i.e., pulvinar and ventrolateral parts) in controlling visual attention (31) (32) (33) , particularly in guiding attention based on goal-relevant information held in prefrontal areas linked to WM.
Additionally, the current findings suggest the existence of functional dissociations within the PFC for memory and selection processes. PFC regions subserving the maintenance of information in WM (left dorsolateral PFC) and the encoding of memory traces regardless of their behavioral significance (SFG) are distinct from processes that monitor the relevance of memory information for current task goals (anterior PFC). The results have specific implications for the role of anterior PFC (BA10) in cognitive processing. Previous studies have implicated BA10 in problem-solving tasks that require an interplay between WM and attention. For example, activity in anterior PFC is found when the observer has to keep a task goal in WM while performing other task goals (34) or when the observer switches from performing a task based on incoming stimulation to another based on internal representations or vice versa (35) . Such cognitive operations were likely present across the different trials here regardless of whether the memory item matched a target or a distracter, and therefore cannot fully explain our pattern of results. We instead propose that anterior PFC plays a role within the frontothalamic network by comparing internal and external representations and prioritizing them in accordance with the behavioral goals of the task.
The current study supports the argument that WM effects on selection reflect top-down influences from anterior neural circuits that modulate visual selection, whereas mere repetition leads to bottom-up changes in search efficiency. The influences of WM and mere repetition on visual selection reflect qualitatively different functional operations within and across different brain regions.
Methods
Participants. Participants included 10 students from the University of Birmingham's School of Psychology who were all unaware of the purpose of the experiment. The students were between the ages of 18 and 23 years, were all right handed, did not have a history of any neurological or psychiatric disorders, and had normal vision. Course credits or cash were given for their participation. The study was approved by the local ethics committee.
Stimuli, Task, and Procedure. Each trial began with a fixation display for 500 ms, followed by a cue displayed two times (100 and 500 ms, respectively) with a 100-ms blank interval in between. After a 250-ms blank interval, the search display appeared. The cue could be a circle, diamond, square, triangle, or hexagon. The color of the objects could be red, green, blue, yellow, or pink, and the background was gray. There were two lines (0.88°length) drawn in black ink at the center of each colored shape. The distracter line was vertical, and the target was tilted 26°to either the left or right. Each of the objects surrounding the lines was unique in color and shape (Fig. 1a) . The objects were placed to the left and right of the fixation point with a center-to-center distance of 18°. Observers had to discriminate the orientation of the target line during a time window of 1,000 ms by pressing one of two different buttons, for left and right orientations. In the WM condition, observers were required to hold in memory the color and shape of the cue through the trial. In the mere repetition condition, observers were instructed to perceptually compare the two instances of the cue and withhold their response to the search display whenever the second presentation of the cue differed (either in color or in shape) from the first presentation. We introduced two types of catch trials that were not included in the analysis and that appeared with 20% likelihood throughout the experiment. During the WM condition, a memory test followed 500 ms after completion of the search task. Here, an item was displayed and the observers had to indicate whether it was the same color and shape as the cue or whether it was different (either in color or shape) within a 2-s limited time window. During the mere repetition condition, 20% of the trials featured two instances of the cue not matching, and participants then had to withhold their response to the search target. The visual display and events sequence used during the WM and mere repetition conditions was identical for all trials included in the analyses (i.e., the noncatch trials).
There were three different conditions determined by the validity of the cue for the search task. In the valid condition, the target line appeared within an object that matched both the color and shape of the cue. In the invalid condition, the precued object reappeared contained a distracter. A neutral condition also was included where the cue did not reappear in the search display. The different validity conditions occurred with the same probability and were selected randomly within each trial.
Participants were instructed about the probability of the different validity conditions and were encouraged to perform accurately in all tasks. Speeded responses also were required in the search task. The task factor was manipulated across blocks. Instructions about the task were presented for 3 s at the beginning of each block and were followed by two catch trials to minimize task-switching effects. Observers were instructed to maintain eye fixation at a dot placed at the center of the display throughout the whole experiment. Before scanning, the observers were familiarized with the task and performed several practice blocks where they were explicitly trained to maintain fixation during the task. Each participant took part in three fMRI sessions. Each session contained four randomly selected blocks (two WM and two mere repetition conditions) of 30 trials each for a grand total of 360 trials per participant (3 ϫ 4 ϫ 30). Stimuli were presented by using E-prime (36) .
fMRI Data Acquisition. We used a Phillips 3T Achieva system to acquire blood oxygenated level-dependent, contrast-weighted echoplanar images during the functional scans. Then 39 oblique slices, 2 mm thick with a 1-mm gap, were acquired, resulting in an in-plane resolution of 3 ϫ 3 ϫ 3 mm, with an 80°flip angle, 30-ms echo time, and 2,110-ms slice repetition time. Images were acquired by using an eight-channel phase array coil with a sense factor of 2. To minimize susceptibility artifacts, slices were tilted 30°along the frontal-temporal cortex (37) .
Data Analysis. The data were analyzed by using SPM5 (Wellcome Department of Imaging Neuroscience, London; www.fil.ion.ucl.ac.uk/spm). Echoplanar image volumes were spatially realigned to correct for movement artifacts, transformed to the MNI standard space (38) , and smoothed by using a 9-mm Gaussian kernel to account for residual intersubject differences.
Voxel-Based Analysis. This analysis was performed by using a random effects model. For each subject, we first estimated the effect size on each condition averaged across the three sessions. We used a first-level model that included a regressor of the onsets of the stimuli on each trial across the six different experimental conditions, following our 2 (task) ϫ 3 (validity) design, which also were split in two regressors depending on the target location (left, right). In addition, we modeled two regressors for the onset of catch trials, error trials, and instructions separately for the WM and mere repetition conditions. Further, for each of the previous regressors, we included the RT of each event as a covariate to control for RT differences. These regressors were convolved with the canonical hemodynamic response function. To correct for signal changes because of head movement, the six realignment parameters were included in the design matrix. An additional set of harmonic regressors was used to account for any low-pass frequency variance within the data, along with a cutoff of 1/128 Hz. There were no above-threshold responses to target location or any interaction of target location with any of our effects of interest. Therefore, we report and discuss effects that collapsed across the target location factor. For each subject, we computed the averaged estimated response across the three sessions on each of the different conditions. Consistent effects across subjects (random effects secondlevel analysis) were then tested by using ANOVA with 2 (WM and mere repetition) ϫ 3 (valid, neutral, invalid) within-subject factors. In the model, we did not assume independency, nor was equal variance between the conditions assumed. For cortical structures, we report Ͼ45-mm 3 clusters at P Ͻ 0.001 uncorrected unless specified otherwise. Simple effects were tested on the estimated effect size of the maxima from the voxel-based analysis by using SPSS13 with repeated-measures ANOVA.
PPI Analyses. These analyses were performed in SPM5 to test the changes in the coupling strength between different brain regions that responded to the experimental manipulations. The aim of the PPI analyses was to provide confirmatory evidence for the pattern of connectivity suggested by diffusion tensor imaging analysis between the thalamus and prefrontal regions. Specifically, we aimed to show that BA10 and thalamic nuclei were functionally connected. For each subject, we extracted an Eigen vector that represents the response within a 3-mm sphere centered around our region of interest, right BA10 (MNI: 21, 63, 6). Using deconvolution (26) , the underlying neuronal responses were estimated for this region. The PPI was then computed for the WM condition with increased coupling during reappearance of the WM item (valid ϩ invalid trials), compared with the neutral baseline. Then a new model was estimated for each subject. This model included regressors of the comparison made [psychological regressors: (valid ϩ invalid) Ϫ neutral], a regressor for the time course of the region of interest (physiological regressor), and a regressor representing the PPI (psychological ϫ physiological). In addition, we included regressors for trials during the mere repetition condition, two for catch trials, error responses, and instructions separately for both the WM and mere repetition conditions. All regressors (apart from the physiological regressor) were convolved with the HRF responses. The six realignment parameters and harmonics were also included in this model to account for low-pass frequencies (1/128 Hz). Again, for each subject, we computed the effect size of each PPI averaged across the three sessions. Consistent effects across subjects were then tested by using two sampled t tests in a model that assumed neither independency nor equal variance between the conditions. The increase in positive coupling was tested by using t tests.
